The potent carcinogen, ethylnitrosourea, has been shown to ethylate oxygens, in preference to nitrogens, in the DNA of cultured cells. We have now studied the removal of seven ethyl derivatives in replicating cells. The following findings are reported. 1) The absolute amounts of O^-EtT, O 4 -EtT and 0 -Etc are decreased in cellular DNA after correction for cell growth. However the rate of decrease diminishes after approximately 20 hr and after more than two cell doublings 20-40% of each derivative persists. This decrease is presumed to be due to enzymes since these derivatives are stable in isolated DNA.
INTRODUCTION
Recently it was shown that treatment of cultured human fibroblasts and fetal rat brain cells with the carcinogen, ethylnitrosourea, alkylated the DNA primarily on oxygens (1) . The products quantitated in that study, representing over 90% of the total ethyl groups, included ethylphosphotriesters, known to be formed in small amounts ill vitro (2) were not determined i^n vivo.
Detection of 0 -EtT, 0 -EtT and 0 -EtC was the first report on the formation of these derivatives in vivo (1) . It had previously been reported that 0 -EtG was removed from cells, presumably by an enzymatic mechanism (3,4) but no similar studies had been carried out on the three 0-alkyl pyrimidines, now known to be formed in significant amounts in DNA and RNA treated with N-nitroso alkylating agents (5, 6) . Whether excision of alkylphosphotriesters oc-curs has only been studied by indirect methods (7) and no quantitative data are available.
The rates of removal of alkylated bases from DNA in_ vivo can reflect at least two processes: 1) removal as a result of hydrolysis of the glcosyl bond and 2) enzymatic removal as a result of DNA repair. In order to determine whether an alkylated base is removed as a result of DNA repair and/or as a result of chemical hydrolysis, the in_ vitro stability of the alkylated base in DNA must be known.
Since it was suggested by Loveless (8) , and shown by Gerchman and Ludlum (9) and Mehta and Ludlum (10) that the formation of 0 -alkyl guanine in DNA is likely to be mutagenic, the formation and the removal of this chemically stable derivative has been studied in different animal tissues, such as liver, brain, kidney, and lung [ Reviewed by Singer (2,11), Pegg (12), Roberts (13) ].
The results from a number of different laboratories have indicated that a tissue's reduced capacity to remove this derivative may be related to an increased susceptibility to chemical carcinogenesis. However since the other 2 4 2 O-alkylation products, 0 -EtT, 0 -EtT, 0 -EtC, are also mutagenic (14, 15) , it is important to determine whether these products are removed and, if so, at what rate. Before a correlation can be made as to whether the formation and removal of a particular base alkylation product is related to carcinogenesis, the formation and rates of removal of all derivatives formed by that alkylating agent need to be known. At present, such information for mammalian cells is only available for 0 6 -alkyl G, 3-alkyl A and 7-alkyl G (11).
Most Xeroderma pigmentosum cells have been shown to have a reduced DNA repair capacity for the excision of pyrimidine dimers (16), 0 -alkyl G (4), and many other carcinogen adducts (17) (18) (19) (20) (21) . We therefore were interested in whether replicating XP-12 and GM 637 fibroblasts could remove from their DNA O-ethyl pyrimidines and ethylphosphotriesters (1) . The extent of removal and relative persistence of derivatives enabled us to make some assumptions regarding the specificity and diversity of enzymes presumably acting as glycosylases or dealkylases.
MATERIALS AND METHODS

Growth and treatment of cells with [ H]thymidine and [ Ciethylnitroso-
urea. SV40 transformed normal human fibroblasts (GM 637) and Xeroderma pigmentosum fibroblasts (XP-12 R0) were grown as described by Singer et^ al^. (1) . Transformed cells were chosen over primary cells because they provided higher cell densities and yields of DNA for alkylation studies. Transformation makes no apparent change in repair characteristics (22, 23) DNA was isolated and the alkyl products determined using the same methods described by Singer et^ al_. (1, 5) . In a number of experiments it was necessary to pool DNA from two or more separate cell cultures in order to obtain enough radioactivity for analysis. Data from pooled samples are considered to represent a single analysis. Table 1 is a summary of the analytical data. Seven ethyl derivatives were determined and of these only the ethylphosphotriesters appear to be very stable, though somewhat less than they are ir^ vitro where no loss is detected after 10 days at 37°C. The four O-alkyl bases, which are also stable .in vitro, are all excised to a substantial extent, but are still easily detected after 72 hr. In CM 637 fibroblasts, the data for the two separate 48 hr experiments are almost the same as those for the XP-12 fibroblasts, with one The precision of analytical data for some derivatives is such that ap-2 proximate half-lives can be calculated. The data for 0 -EtT is shown in Fig.   2 . This derivative has a t, 40 hr in both GM 637 and XP-12 fibroblasts. 2 Phosphotriesters can be calculated to have a t, > 8 days (Fig. 2) Table 1 for the data used in the Figure. 2) was about one-third of that iii vitro as determined in this series of experiments (data not shown) or previously reported (Summarized in Ref. (11) It is not too unexpected that alkyl phosphotriesters are resistant to excision in vivo since they are also resistant to hydrolysis by a wide variety of enzymes (24) . It is more likely that the relatively small loss found is actually due to de-ethylation, such as has been observed when a trinucleotide ethyl phosphotriester is taken up by transformed Syrian hamster fibroblasts (25) . and against the view that chromatin structure influences the distribution of repair after UV irradiation (29, 30) OT alkylation (31) (32) (33) , and the persistence of DNA 0-alkyl products may be due to masking by histones. Other carcinogens besides the simple alkylating agents modify DNA producing a variety of products, some of which are not excised in vivo at all (34) , or the derivative formed is also termed "persistent" since a portion remains in the DNA over time periods in which the cells have undergone at least one division (33, 35) . However cell division is not an absolute requirement for excision to occur (36, 37) .
This now raises the question of the mechanism responsible for loss of alkyl derivatives. There appears to be little doubt that enzymes are involved in the removal of some, if not all, of the derivatives that we have measured. We postulate the involvement of at least four or five enzymes with different specificities.
Triesters,while being chemically stable, are so slowly removed that they must involve a unique mechanism in comparison with the other derivatives.
Since they are generally nuclease resistant, the small loss we see may represent dealkylation (25) . 7-EtG and 3-EtA are chemically unstable with very different rates of hydrolysis, but the greater rate of removal that we observe in vivo suggests a specific enzymatic mechanism for removal. It has been suggested that a specific glycosylase can remove 3-MeA and 3-EtA but apparently recognizes no other carcinogen adduct tested (38) . 
